By serially imaging the myocardium during the initial transit of gadolinium contrast, magnetic resonance perfusion imaging can accurately assess relative reductions in regional myocardial blood flow and identify hemodynamically significant coronary artery disease. Models can be used to quantify myocardial blood 
Although coronary angiography remains the standard for diagnosing coronary artery disease (CAD), visual estimates of stenosis severity and hemodynamic significance remain imperfect (1) . Intracoronary assessments of pressure gradients and flow reserve involve greater procedural risk and higher cost than noninvasive techniques.
Positron emission tomography (PET) has traditionally been the noninvasive standard for quantitative measurements of absolute myocardial blood flow (AMBF) in milliliters/minute/ gram. Measurements at stress and rest have been reported in normal individuals, and reductions in myocardial perfusion reserve (MPR) have been demonstrated in patients with CAD risk factors (2) . However, widespread clinical application has been slowed by limited access to cardiac PET cameras and short-lived radiopharmaceuticals. PET imaging also involves exposure to ionizing radiation, and the low spatial resolution limits evaluation of transmural flow differences in normal thickness myocardium.
Single-photon emission computed tomography images are scaled to the most intense area of uptake in the ventricle, enabling assessment of relative perfusion but not absolute perfusion or MPR. AMBF quantification is possible with dynamic single-photon emission computed tomography imaging (3) , but cameras with sufficient speed and count sensitivity are not widely available. Myocardial contrast echocardiography enables real-time, bedside measurement of parameters reflecting blood velocity and blood volume, the product of which provides an index of perfusion and MPR (4) . However, the quality of regional intensity time courses might be compromised by limited windows or shadowing from blood signal, and obtaining an arterial input function suitable for modeling remains difficult. Computed tomography perfusion can quantify AMBF (5) with models similar to those described in the following text. Limitations include the need for both ionic contrast and radiation exposure in addition to modality-specific artifacts due to beam hardening.
Cardiac magnetic resonance perfusion imaging (CMR-PI) can quantify AMBF in milliliters/ minute/gram. Some advantages of CMR-PI include its lack of ionizing radiation, the wide availability of CMR imaging systems, and a sufficiently high spatial resolution to allow analysis of transmural differences in myocardial blood flow. This article will begin by briefly reviewing the steps involved in acquiring CMR-PI studies and the clinical performance of qualitative and semiquantitative analysis of CMR-PI studies. The majority of this article will focus on the theory and experimental results supporting CMR-PI quantification of AMBF.
CMR-PI Acquisition
Most CMR-PI studies are performed in a clinical 1.5-T magnet with phased array receiver coils placed on the chest and back. The heart is imaged every cardiac cycle during the passage of an intravenous bolus of a gadolinium-based contrast agent (GdCA). Because gadolinium is a paramagnetic compound that decreases T1 relaxation times, regional delivery of GdCA-rich blood results in a progressive increase in signal intensity on T1-weighted pulse sequences. Areas receiving impaired blood flow and consequently less GdCA appear darker than normally perfused areas (Fig. 1) . Imaging during pharmacologic vasodilation with adenosine or dipyridamole is routinely performed to improve the differentiation of normal from stenotic perfusion beds. A typical clinical perfusion study also includes resting cine and late gadolinium enhanced (LGE) images. Cine CMR provides reproducible, highresolution assessment of cardiac mass, volume, and function. LGE accurately defines the location and extent of acute and chronic infarction and predicts the likelihood of wall motion recovery after revascularization (6) . Imaging time for a full study is approximately 50 min.
Qualitative and Semiquantitative Analysis
The simplest method for interpreting CMR-PI studies is to view the study in cine-loop format for regions of relative hypoperfusion. Numerous single center studies demonstrate high diagnostic accuracy when qualitative interpretation of clinical CMR-PI studies is compared with invasive angiography (7) . Figure 1 depicts semiquantitative analysis of a CMR-PI study, which examines the mean signal intensity within a region of interest over time, or "time intensity curve" (TIC). Measurements such as the maximum upslope or initial area under the TIC have been used as indexes of regional flow (8) . In animals these indexes have been shown to correlate well with flow measurements based on injected microspheres (9, 10) . Semiquantitative analysis has been shown to improve diagnostic accuracy over visual analysis alone (11) .
Early results regarding the prognostic value of CMR-PI indicate that patients with an abnormal perfusion study have a higher incidence of cardiac death or nonfatal myocardial infarction than those with a normal scan, and patients with a normal scan have an annual hard event rate of Ͻ1% per year (12)-similar to the prognosis of a normal radionuclide perfusion scan (13) .
Absolute Perfusion Quantification
In contrast to semiquantitative methods, models exist that quantify AMBF. These are similar in derivation to those employed in quantitative PET and computed tomography perfusion as well as thermodilution estimation of cardiac output. Flow models use the myocardial and left ventricular (LV) blood pool TICs to estimate AMBF. Although a detailed mathematical description of these flow models is beyond the scope of this review, some understanding of their assumptions and limitations can guide their appropriate application. Two major classes of models exist: linear, shift-invariant (LSI) models and compartment models. Each class of model has its own assumptions that must hold or at least approximately hold for the model to produce meaningful and valid estimations of flow. LSI models. The LSI models have proved more popular in CMR-PI than compartment models. The LSI models assume the cardiac circulatory system is linear and temporally invariant in its response. In other words, if 2 contrast boluses are injected, then the myocardial uptake is the linear sum of the uptake had each bolus been injected separately; and if the injection of a bolus is delayed by a certain amount of time, then its uptake is delayed (shifted) by the same amount of time. These 2 assumptions allow for a powerful and complete description of the system by its so-called "transfer function." Characteristics of the transfer function reflect properties of its system, the most relevant of which is AMBF.
The output from an LSI system (the myocardial TIC) is equal to the input to the system (the tracer bolus, measured from the LV TIC) merged with the transfer function by a mathematical process known as convolution (Fig. 2) . Convolution folds 2 curves together via a shift-scale-and-add process similar to cross-correlation in statistics. To obtain the transfer function, the input and output curves must undergo the reverse process of deconvolution. Unfortunately the process of deconvolution is very sensitive to noise, so that small errors in the input data can lead to large differences in the resulting transfer function. Therefore, additional constraints need to be imposed to obtain a physiologic solution.
The most popular method for "constrained" deconvolution demands that the transfer function take a certain shape. This curve can be described by 4 parameters and is known as the Fermi function (14) ( Fig. 2) . It can be shown that the maximum value of the Fermi transfer function equals AMBF (15) . Note that the Fermi function builds in a delay before its upstroke to allow for passage of the contrast from the left ventricle into the coronary arteries before perfusing the tissue.
The validity of deconvolution depends most importantly on the assumption of linearity. Both the input (signal in the LV blood pool) and output (signal in the myocardium) must behave in the same linear fashion with the concentration of tracer. To maximize the signal-to-noise ratio (SNR) in the myocardium, a large gadolinium bolus is preferred. However, at clinically desired myocardial signals, the linear range of the CMR signal response within both the blood pool and myocardium has already been exceeded.
This nonlinear effect within the LV blood pool has been appreciated for many years. Two techniques have been proposed to preserve both high myocardial SNR and linear blood pool signal response. The dual-T1 sensitivity technique (16) acquires both low-resolution, low T1-sensitivity blood pool and high-resolution, high T1-sensitivity myocardial data within each R-R interval. The dual-bolus 
CMR-PI Acquisition and Semiquantitative Analysis
The heart is imaged every cardiac cycle during the first passage of gadolinium-based contrast agent. The resulting 30-to 40-frame image stack can be viewed in cine-loop format for qualitative assessment of regional flow deficits. Semiquantitative flow analysis involves measuring the mean signal intensity over time for a region of interest and calculating the peak upslope or area under the curve as an index of regional flow. Adapted with permission from Lee et al. (54) . CMR-PI ϭ cardiac magnetic resonance perfusion imaging; ECG ϭ electrocardiogram.
technique (17) injects 2 boluses, an initial minibolus that maintains blood pool linearity followed by a large bolus that maximizes myocardial SNR (18) .
It had been assumed, because myocardial CMR signals were much less than blood pool signals, that nonlinearity was not an issue within the myocardium. However, a growing body of evidence suggests that myocardial nonlinearity becomes significant at bolus concentrations necessary for sufficiently high myocardial SNR (19 -21) . This effect might be due to incomplete extraction of GdCA from the vascular space, limiting the proportion of myocardial protons with which gadolinium can interact. The optimal solution to this nonlinearity has not yet been defined, although converting the CMR signal into gadolinium concentration (19, 21) or correcting the signal with algorithms based on the theoretical signal response to gadolinium (22, 23) might be feasible options.
Another assumption in the LSI model is that the input function can be accurately measured. For convenience, the input TIC is taken from the LV blood pool in the short axis. However, this bolus undergoes further mixing and dispersion before reaching the coronary arteries, a phenomenon better appreciated in quantitative cerebral perfusion (24) . Additionally, the presence of collateral flow alters the input function seen by a region of myocardium (25) . These effects need to be minimized or accounted for when specifying the input time-intensity curve.
The specific validity of the Fermi deconvolution model is challenged by several deviations from its assumptions. First, the tracer bolus recirculates, and thus its "first-pass" contains some of the secondpass as well. Although recirculation does not violate the assumptions of an LSI system, it does demand a more complex transfer function than that offered by the Fermi model. Alternatively, recirculation can be modeled and subtracted from the time-intensity curves to remove its effects (26) . Second, most clinically approved GdCA do not remain exclusively within the intravascular space, but leak into extravascular compartments. Again, this leak does not violate LSI assumptions, but the Fermi transfer function cannot accommodate it. Finally, the presence of collaterals requires a more complex shape to the transfer function than allowed by the Fermi model (25) .
To overcome these limitations, a more complex constrained deconvolution model termed "modelindependent" (although it is itself a parameterized model) has been proposed (27). This builds a transfer function from splines and uses sophisticated mathematical techniques to produce a more intricate curve while not overfitting noise within the data. However, its use has not become widespread, likely due to its mathematical complexity. Compartment models. Compartment models divide the cardiac circulatory system into distinct spaces (intravascular, interstitial, and intracellular). The GdCA concentration varies among these compartments over time as molecules move from 1 space to another. Rate constants describe the movement between any 2 compartments (Fig. 3) . Such models determine compartment concentrations and the individual rate constants from the summed timeintensity curve of all compartments (28) .
Current Food and Drug Administrationapproved GdCAs leak from the intravascular compartment into the interstitial compartment along an osmotic gradient but do not enter the intracellular compartment. Thus, a 2-compartment model (intravascular and interstitial) has been used to model its transit through the cardiac circulatory system (19) . The solution to the differential equations describing this 2-compartment model also produces a convolution relationship. In this case, the transfer function is an exponential decay. There are 2 parameters to the 2-compartment model's transfer function. Unlike the LSI model, for which the maximum amplitude of its transfer function is equal to AMBF, the maximum amplitude of the 2-compartment model transfer function is equal to the product of AMBF and the myocardial extraction efficiency of the contrast agent. Their product is labeled "k 1 " (the first-order rate constant) by many authors when reporting their results. If the extraction efficiency is known or can be estimated, then AMBF alone can be determined. However, this adds an extra assumption to the model for quantifying perfusion. Thus, an advantage of the LSI model is that AMBF can be calculated explicitly, provided the transfer function can account for the extravascular leakage of contrast (e.g., model independent). The 2-compartment model also depends on linearity of signal response, so the previous comments about ensuring linearity in the blood pool and myocardium apply as well.
Validation of Absolute Perfusion by CMR-PI in Animal Models
Several studies have evaluated perfusion in instrumented animals to compare noninvasive AMBF by CMR-PI (17,18,21,27,29) with flow measured by injected microspheres, which provide a pathologic gold standard for regional tissue perfusion (30) . Synthesizing the results from these studies is somewhat difficult because of important differences in CMR pulse sequence, bolus strategy, quantitative model, and application of myocardial signal nonlinearity correction (Table 1) . Averaging adjacent slices (27) or restricting analysis to stenotic and remote zones (excluding sectors in shoulder regions) (17, 29) might also reduce errors of registration between CMR and microsphere flow. Methodological differences notwithstanding, the overall correlation between CMR and microsphere AMBF is good to excellent, with the correlation coefficient ranging from 0.79 to 0.95 over a wide range of myocardial blood flows. Additionally, absolute perfusion correlated more closely with microsphere blood flow than established semiquantitative CMR indexes. When the same signal intensity-time curves were analyzed to calculate the peak enhancement ratio, upslope index, and area under the curve, these indexes plateaued at higher blood flows, resulting in significant underestimation of microsphere flow values (17) .
The existing body of experimental published data in which AMBF by CMR-PI with LSI models and microspheres are compared in milliliters/minutes/ gram is still rather limited (total number of analyzed segments 388) (Table 1) . Also, lack of consensus on optimal acquisition and analysis techniques limits broad application at the present time.
Additional studies employing LSI models have shown a good correlation between CMR and microsphere-determined MPR but did not report AMBF (31, 32) . Experimental studies using a compartment model have also demonstrated a linear relationship between k 1 and microsphere-derived AMBF over a flow range of Ͻ1 ml/min/g (r ϭ 0.88) (33) , but changes in extraction efficiency at higher flow rates might affect this relationship.
Absolute Perfusion Quantification in Normal Volunteers
Understanding AMBF in normal individuals is essential for appropriate evaluation of disease states. Divisions are illustrated for the blood plasma (p), extracellular space (e), and a trapped intracellular space (trap). C p (t), C e (t), and C trap (t) represent the gadolinium (Gd) concentration change over time in each compartment, and K 1 , K 2 , K 3 , K 4 represent the transfer rate of Gd between compartments (reprinted with permission from Fig. 1 of Knowles et al. [56] ).
Resting and vasodilated AMBF have been evaluated by CMR-PI in small cohorts of healthy volunteers (Table 2) (34, 35) . Overall, CMR-PI AMBF measurements are in agreement with published values based on invasive (36) and noninvasive methods (2) , and the magnitude of flow heterogeneity (34) is similar to that seen in PET (37) .
Absolute Perfusion Quantification in Patients With Epicardial Coronary Artery Stenoses
Investigators have begun to explore whether the improved accuracy of AMBF over qualitative and semiquantitative techniques demonstrated in animal models would translate to patients with suspected CAD undergoing coronary angiography (38) . An MPR cutoff of 2.04 was 93% sensitive and 57% specific in predicting intracoronary fractional flow reserve (FFR) Յ0.75 and 85% sensitive and 49% specific in predicting Ն50% diameter stenosis by quantitative coronary angiography. The authors suggested that low specificity might be due to microvascular dysfunction causing low MPR in segments with preserved FFR or low diameter stenosis. In the same group of patients, quantitative MPR performed better than semiquantitative or visual techniques (39) . The optimal MPR cutoff value is higher than cutoff values derived from previous studies of relative perfusion (40) , which might be due to underestimation of AMBF at higher flow rates by semiquantitative methods (17) .
Global Reductions in MPR
AMBF might be particularly advantageous in patients with globally reduced MPR, because qualitative or semiquantitative methods might be hampered by the lack of a normal reference segment. In patients with chest pain and without hemodynamically significant coronary artery lesions (a.k.a. "Syndrome X"), a close linear correlation has been shown between MPR by CMR-PI and intracoronary flow reserve (15, 32) . In patients with hypertrophic cardiomyopathy, hyperemic AMBF was significantly lower than in control subjects and remained so even after adjusting for end-diastolic wall thickness (41) . A stepwise reduction in MPR and endo/epicardial perfusion ratio was demonstrated when comparing volunteers, transplant recipients with no hypertrophy or prior rejection, transplant recipients with either hypertrophy or prior rejection, and transplant recipients with transplant arteriopathy (42) .
Hyperemic AMBF and MPR have also been shown to correlate inversely with risk factor burden for coronary heart disease in a population-based cohort of asymptomatic adults (43) . When stratified according to coronary artery calcium score (CAC), mean resting AMBF did not differ across CAC levels, but mean hyperemic AMBF and MPR were progressively lower across increasing CAC levels (44) . A subset of these patients also underwent tagged cine CMR examination, demonstrating that lower hyperemic MBF was associated with reduced regional peak systolic circumferential strain in the right coronary artery and left circumflex coronary artery regions (45). AMBF might also be advantageous in monitoring disease progression or perfusion changes in response to therapy, because (unlike measurements of relative regional perfusion) changes in the test and remote regions can be considered separately. Because the limits of agreement between CMR-PI and microsphere AMBF are approximately Ϯ 0.6 ml/min/g (17) , detection of individual changes in resting or peri-infarction flow might not be possible. However, detecting changes in vasodilated flow might be possible, and studies that have evaluated group differences in resting and vasodilated AMBF are discussed in the following text. The CMR-PI performed before and 6 weeks after implantation of a device designed to induce angiogenesis in pigs reported an increase in adenosine vasodilated AMBF in the treated area, which was not seen in sham animals (46) . The AMBF measured before and after transmyocardial laser revascularization in a pig model of ischemia reported preserved AMBF in transmyocardial laser revascularization-treated animals but reduced AMBF in untreated animals (29) .
In patients with hibernating myocardium, hibernating segments had reduced resting AMBF before percutaneous coronary intervention (PCI), which was lower than in remote segments. AMBF increased in revascularized segments to levels comparable to remote segments after PCI, and improvement in regional wall motion accompanied increases in AMBF (47) . In a study of patients with CMR evidence of distal embolization after PCI, segments demonstrating new distal LGE had a fall in MPR from the pre-PCI scan to 24 hours after PCI, whereas MPR in segments without LGE increased. In patients who were scanned 6 months later, MPR in affected segments normalized (48) .
Measurement repeatability importantly influences power calculations in studies attempting to detect changes after an intervention. In 7 normal volunteers and 9 patients with CAD undergoing CMR-PI, the coefficient of variation for global MPR was 21% for AMBF and 41% for semiquantitative upslope analysis (49) . In 30 participants of the MESA (Multi-Ethnic Study of Atherosclerosis) study who underwent 2 CMR exams approximately 1 year apart, the absolute repeatability coefficient as a percentage of mean blood flow was 30% at rest and 41% during hyperemia (50)-similar to studies of PET performed at rest (27% of mean) (51) and higher than PET values reported at stress (25% of mean) (52) , although these PET studies were performed 1 h apart in a younger cohort with higher vasodilated AMBF.
Subendocardium
The sensitivity for detecting limitations in myocardial perfusion might be improved by measuring flow in the subendocardium, where hemodynamic factors and the impact of microvascular dysfunction are more prominent (53) . The high spatial resolution of CMR-PI has been used to assess the gradient in flow from endocardium to epicardium (54, 55) (Fig. 4) . With absolute perfusion techniques, endocardial flow was reduced in comparison with epicardial flow in dog models of coronary artery stenosis (17, 21) . In healthy volunteers, mean perfusion in the endocardium was significantly higher than in the epicardium at rest but similar during stress (34) . And in patients with hypertrophic cardiomyopathy, the likelihood of an endomyocardial/epimyocardial MBF ratio Ͻ1 during hyperemia increased with wall thickness (41) .
Patient Selection
Contraindications to CMR include certain implanted medical devices (including pacemakers) and medical conditions (unstable angina or New York Heart Association functional class IV heart failure). GdCA should not be administered to pregnant and lactating women or patients with severe renal disease (glomerular filtration rate Ͻ30 ml/min/1.73 m 2 ). Finally, the usual contraindications to adenosine administration (advanced heart block, respiratory compromise) apply.
Study Limitations and Future Directions
Further advancements need to continue both in CMR-PI acquisition and AMBF analysis. Most contemporary pulse sequences do not achieve full heart coverage but can acquire at least 3 short-axis slices every heart beat with an acquisition time of approximately 150 ms/slice and a spatial resolution of Ͻ2 mm. Faster pulse sequences, new acceleration techniques, and imaging at higher field strengths should enable greater heart coverage, spatial resolution, and/or contrast-to-noise ratio.
The AMBF models continue to be refined to balance the complexity of the model against susceptibility to noise. Direct comparisons of different analysis schemes are beginning to emerge (18) and should help define the most appropriate analytic technique.
The development of accurate automated contour detection algorithms remains a challenging issue, and significant user interaction is still required to ensure consistently accurate TICs-especially when poor breatholding results in cardiac motion. Furthermore, calculation of AMBF requires specialized computational software to obtain the transfer function from the LV and myocardial TICs. Software capable of automatic AMBF calculation will be necessary for this technique to move beyond the research realm.
Conclusions
AMBF can be calculated by mathematical modeling of CMR-PI studies. AMBF is more accurate than semiquantitative or qualitative methods for identifying hemodynamically significant coronary artery stenoses in experimental models and patients with suspected CAD. The ability to detect global reductions in perfusion reserve, assess serial changes in flow with improved precision, and examine subendocardial flow can provide important insights to our understanding of the pathophysiology of myocardial disease and aid in the evaluation of novel therapies. The relative gradient in flow from endocardium to epicardium was measured by cardiac magnetic resonance perfusion imaging (CMR-PI) in a dog during adenosine vasodilation with a severe stenosis of the left circumflex coronary artery. A plot profile taken through the anteroseptum and inferolateral wall over time resembles the M-mode display in echocardiography. Time-intensity curves measured in 2-voxel increments demonstrate a progressive reduction in flow from epicardium to endocardium in the inferolateral stenosis zone and relatively uniform flow in the anteroseptal remote zone. Reprinted with permission from Lee et al. (54) . AUC ϭ area under the curve; LV ϭ left ventricle; RV ϭ right ventricle.
